Molecular absorption lines of OH (99 lines) and CH (105 lines) are measured for the carbon-enhanced metal-poor star BD+44 • 493 with [Fe/H]= −3.8. The abundances of oxygen and carbon determined from individual lines based on an 1D-LTE analysis exhibit significant dependence on excitation potentials of the lines; d log ǫ/dχ ∼ −0.15-−0.2 dex/eV, where ǫ and χ are elemental abundances from individual spectral lines and their excitation potentials, respectively. The dependence is not explained by the uncertainties of stellar parameters, but suggests that the atmosphere of this object possesses a cool layer that is not reproduced by the 1D model atmosphere. This result agrees with the predictions by 3D model calculations. Although absorption lines of neutral iron exhibit similar trend, it is much weaker than found in molecular lines and that predicted by 3D LTE models.
layers, in which the temperature predicted by the 3D models is significantly lower than that by 1D models. This is due to the strong adiabatic cooling in 3D models, which is mostly compensated by the line blanketing by numerous spectral lines in metal-rich stars (Asplund et al. 1999) . The average temperature of the surface layer of 3D models for stars with [Fe/H]∼ −3 is predicted to be about 1000 K lower than than that of corresponding 1D models 1 . Since metal-poor stars are not spatially resolved in general, and the absolute radial velocity is not determined as for the Sun, the 3D effects cannot be examined by the limb darkening nor the line shift.
The effect of the cool surface layer is, however, expected to appear in absorption features in atomic and molecular lines. Since molecule formation is promoted in cool layers, molecular lines become stronger in general in the calculations using 3D model atmospheres. In other words, chemical abundances derived from molecular lines (e.g., the carbon abundance derived from CH molecular lines) using 3D model atmosphere is significantly lower than that derived using 1D models. A similar trend is expected for Fe lines. Whereas the ionized Fe lines are not sensitive to the 3D effects, the Fe abundance derived from its neutral species using an 1D model could be significantly overestimated (Asplund 2005) .
Moreover, the effect is dependent on the excitation potential 2 of absorption lines, i.e., lines with smaller excitation potential are formed in cool surface layers that appear in 3D models. If atmospheres of metal-poor stars have cool layers in reality as predicted by 3D models, a significant dependence of the derived abundances from individual lines on excitation potential is expected in the results obtained by 1D models. This can be an excellent examination for the 3D effects (Asplund et al. 2003) . Quantitative estimates of this effect from 3D models were made by Collet et al. (2007) for Fe lines and by Frebel et al. (2008) for CH, NH, and OH molecular features. More recently, Dobrovolskas et al. (2013) also investigated line formation in atmospheres of giants close to the base of the red giant branch using their 3D models. Frebel et al. (2008) estimated the effect for molecular features of HE 1327−2326, the most iron-deficient star known at that time. Although some signature of the 3D effects is suggested for the CH and NH absorption features, that is not very clear because only molecular bands are observed in this object in which spectral lines with different excision potentials overlap each other.
The extremely metal-poor (EMP) subgiant BD+44 • 493 provides an excellent data-set of absorption lines that is useful to examine the 3D effects. This star was reported by Ito et al. (2009) as a carbon-enhanced object with extremely low metallicity ([Fe/H]= −3.8). Detailed analysis of the spectrum of this object was recently reported by Ito et al. (2013) in which a spectral atlas is provided. The spectrum exhibits a number of clean CH and OH molecular lines. The apparent brightness of this object (the V magnitude of 9.1) and appropriate effective temperature (T eff of 5430 K) make it possible to measure accurately individual molecular lines even for OH lines that appear around 3100Å.
In this paper, we measure OH and CH molecular lines of BD+44 • 493 and determine the oxygen and carbon abundances from individual spectral lines using 1D, static model atmospheres. We investigate the dependence of the derived abundances on excitation potentials of spectral lines as a test of 3D effects on this EMP star.
Observational data and line lists
The high resolution spectrum of BD+44 • 493 analyzed in the present work was obtained with the High Dispersion Specrograph (HDS; Noguchi et al. 2002) of the Subaru Telescope. The data were studied by Ito et al. (2009 Ito et al. ( , 2013 and the details on the observation are reported in these papers. The spectral resolution is R = 90, 000 that is sufficiently high for measurements of molecular lines. The signal-to-noise ratios (per pixel) around 3100Å and 4000Å, in which OH and CH molecular lines exist, are 100 and 400, respectively.
Examples of spectra of OH A − X and CH B − X systems are shown in Figures 1 and 2 , respectively. We selected 99 OH lines and 105 CH lines for measurements of equivalent widths by Gaussian fitting. The line list of OH and CH, along with measured equivalent widths are given in Tables 1 and 2 , respectively.
The line positions and excitation potentials of the OH A − X 0-0, 1-1 and 2-2 systems are adopted from the line list compiled by Kurucz 3 . The oscillator strengths (gf -values) in Table 1 are derived from the transition probabilities (A-coefficient) of Luque & Crosley (1998) that are taken from LIFBASE 4 . The source of the transition probability is adopted in the compilation by Gillis et al. (2001) that has been used by previous studies on oxygen abundances of metal-poor stars based on OH A − X lines (e.g., García Pérez et al. 2006; Frebel et al. 2008 ).
The line positions, excitation potentials, and transition probabilities of the CH B − X 0-0 and 1-1 bands are taken from Masseron et al. (2014) , who adopted the lifetimes measured by Luque & Crosley (1996a,b) to obtain the gf values. The gf -values are higher by 0.15 dex on average than those of Aoki et al. (2002) who adopted the f values of the CH B − X systems from Brown (1987) .
Analysis and results

Abundance analysis based on 1D/LTE model atmospheres
We apply model atmospheres of the ATLAS NEWODF grid (Castelli et al. 1997 ) to our 1D/LTE analysis as done by Ito et al. (2013) . Atmospheric parameters derived by Ito et al. (2013) are adopted: T eff = 5430 K, log g= 3.4, [Fe/H]= −3.8, and v micro = 1.3 km s −1 . We also examine the effect of the changes of T eff and v micro on the results below. A least square fit to the data points indicates the slope of d log ǫ/dχ = −0.23 ± 0.03 dex/eV. A similar result is obtained even if the analysis is limited to the lines of the A − X 0-0 system: the slope is −0.24 ± 0.03 dex/eV. The null hypothesis that there is no correlation between the two values is rejected by the regression analysis at the 99.9% confidence level. The slope derived from the 1-1 system is −0.15± 0.08 dex/eV. Although the correlation derived from the 1-1 system alone is slightly weaker, the confidence level is still 95% by the same analysis.
OH lines
The correlation between the derived oxygen abundances and the excitation potentials is dependent on the adopted stellar parameters, in particular the effective temperature and the microturbulent velocity. If a lower effective temperature is adopted, the spectral lines with larger excitation potentials become weaker, resulting in higher abundances derived from these lines to explain the observed line absorption. Indeed, the slope in the diagram of the oxygen abundance and excitation potential is −0.16 ± 0.03 dex/eV for the analysis assuming T eff = 5230 K (Fig. 4b) . Although the correlation is weaker than the that derived for the effective temperature we adopt (T eff = 5430 K), it is still statistically significant. We note that the oxygen abundance derived for T eff = 5230 K on average is about 0.4 dex lower than that for T eff = 5430 K.
The slope is also dependent on the assumed micro-turbulent velocity. The micro-turbulent velocity is determined as the elemental abundances derived from individual lines show no dependence on the line strengths. The micro-turbulent velocity of this object, v micro = 1.3 km s −1 , is determined by the analysis of Fe I lines (Ito et al. 2013) . Adopting this value, a correlation between the oxygen abundances and the strengths of OH lines is found (Fig. 4d ). This is, however, attributed to the fact that lines with smaller excitation potential are stronger in general (Fig. 4f ). There are four exceptionally weak lines (log W/λ ∼ −5.5) among those with small excitation potential (χ 0.3 eV). The oxygen abundances derived from these four lines are as high as the value obtained from stronger lines (log ǫ(O) ∼ 6.5), supporting our interpretation that the apparent correlation between the oxygen abundances and the strengths of OH lines is due to the dependence of the derived abun-dances on the excitation potentials of the OH lines. The slope d log ǫ/dχ obtained for v micro = 1.3 km s −1 and T eff = 5430 K is −0.12 ± 0.03 (Fig. 4c ).
We note for completeness that, although a weak correlation is found between the derived abundances and wavelengths of the lines (Fig. 4e) , it is also explained by the fact that most of the lines with smaller excitation potential, from which higher abundances are derived, exist at shorter wavelengths.
CH lines
A similar analysis is made for CH lines as done for OH lines. The results are shown in Figure 5a . A clear correlation between the carbon abundances derived from individual CH lines and their excitation potentials is found as for OH lines. The null hypothesis that there is no correlation between the two values is rejected by the regression analysis at the 99.9% confidence level. The slope d log ǫ/dχ is −0.15±0.01 dex/eV (Fig. 5a ). The slope is slightly shallower, d log ǫ/dχ = −0.14±0.01 and −0.11 ± 0.01 dex/eV if larger micro-turbulent velocity (v micro = 2.3 km s −1 ) and lower effective temperature (T eff = 5230 K), respectively, are adopted (Fig. 5b,c) .
In the panels d and e of Figure 5 , no clear correlation between the derived carbon abundances and wavelengths of CH lines, nor line strengths, is found. This would be due to the fact that the correlation between the wavelength and excitation potentials of CH lines is not as clear as of OH lines (Fig. 5f ).
Discussion
OH and CH lines
Our 1D-LTE abundance analysis for OH and CH molecular lines for the extremely metal-poor star BD+44 • 493 demonstrates that the derived oxygen and carbon abundances are dependent on the excitation potential with slopes of d log ǫ/dχ = −0.15 ∼ −0.2 (dex/eV). This suggests that the spectral lines with smaller excitation potentials are enhanced by the existence of a cool layer in the atmosphere that is not reproduced by the current 1D models. 3D atmosphere models predict that the upper layer of photosphere is significantly cooler than that of the 1D models. Frebel et al. (2008) report the correction of oxygen and carbon abundances measured from OH and CH molecular lines using 3D model atmospheres as a function of excitation potentials. They estimate that the abundances derived from 3D models are lower than those from 1D models by ∼ 0.75 dex and by ∼ 0.55 dex for lines with χ ∼ 0.0 and 1.0 dex, respectively. Namely, the 3D corrections explain the slopes of d log ǫ/dχ ∼ −0.2 dex/eV found by our 1D analysis. Dobrovolskas et al. (2013) also investigated line formation for molecules including OH and CH based on the 3D model atmospheres for red giants with T eff ∼ 5000 K. Their models for [Fe/H]= −3 also predict similar trends of 3D corrections, as a function of excitation potentials, for these molecules that are similar to those of Frebel et al. (2008) . More quantitatively, the correction for CH lines with χ ∼ 0 shown in Figure 9 of Dobrovolskas et al. (2013) is smaller than those of Frebel et al. (2008) . This difference might be partially due to the difference of the effective temperature and metallicity studied by the two works. The shallower slope found for CH than for OH in our result supports the prediction by Dobrovolskas et al. (2013) .
Fe lines
A similar dependence of the derived abundances on excitation potentials of spectral lines is also expected for Fe lines. Collet et al. (2007) estimate that the correction reaches −1.0 dex for low excitation lines of Fe I, and the slope d log ǫ/dχ could be about −0.2 dex/eV for very metal-poor stars. Such a clear trend is, however, not found in our previous measurements of Fe lines ( Figure  5 of Ito et al. 2013) . A weaker trend, d log ǫ/dχ ∼ −0.05 dex/eV, is found in the derived Fe abundances from Fe I lines. This trend, however, almost disappears if a slightly low T eff is adopted in the analysis (Ito et al. 2013 ). The recent study by Dobrovolskas et al. (2013) predicts smaller corrections for Fe abundances derived from Fe I lines than that of Collet et al. (2007) : their corrections are smaller than 0.2 dex for lines with χ ≥ 2 eV. The correction for Fe abundances from Fe I lines with χ = 0 eV is, however, predicted to be still as large as 0.6 dex. The abundances derived from lines with χ ∼ 0 eV for BD+44 • 493 show scatter as large as 0.4 dex (Ito et al. 2013) . The large scatter of abundances from low excitation Fe I lines might indicate that these lines are particularly affected by the 3D effect. These lines could also be affected by NLTE effects. Bergemann et al. (2012) conducted NLTE analyses for Fe lines of metal-poor stars using the spatial and temporal average stratification from 3D hydrodynamic models, as well as 1D static model atmospheres. They demonstrated for the cases of metal-poor stars like the subgiant HD 140283 that the analysis with the mean 3D models obtains lower Fe abundances on average, with smaller scatter of Fe abundances from individual Fe I lines, than those obtained from 1D models. On the other hand, the NLTE analysis using the 3D models derives higher Fe abundances than those obtained by a LTE analysis. If similar effects are working in the subgiant with lower metallicity like BD+44 • 493, the averaged Fe abundances derived by the 1D LTE analysis is not significantly corrected by the 3D NLTE analysis, whereas the scatter found in abundances from individual lines with small excitation potentials becomes smaller.
We note that the Fe abundance obtained from Fe II lines by our analysis agrees well with that from Fe I lines even if we adopt the gravity (log g = 3.3) estimated adopting the parallax of this star to be 4.88 mas that is independent of the spectroscopic analysis of Fe lines (Ito et al. 2013 ). The NLTE and 3D effects estimated for Fe II lines are much smaller than those for neutral lines in general (Collet et al. 2007; Bergemann et al. 2012; Dobrovolskas et al. 2013 ). The agreement of Fe abundances obtained from lines of the two ionization stages using the 1D model suggests that the corrections by 3D NLTE analysis for Fe I lines is not as large as those estimated by 3D LTE models.
Carbon and oxygen abundances of BD+44 • 493
The carbon and oxygen abundances of BD+44 • 493 derived from the lines with relatively large excitation potentials (χ ∼ 1.0) are log ǫ(C)=5.8 and log ǫ(O)=6.3, respectively ( Fig. 5 and 4) . Adopting the solar abundances log ǫ(C) ⊙ =8. The carbon abundance of BD+44 • 493 is measured using the C I lines at 1.068-1.069 µm by an NLTE analysis based on a 1D model atmosphere by Takeda & Takada-Hidai (2013) , obtaining log ǫ(C)= 5.69. This is slightly lower than the carbon abundance obtained from CH lines with 1D models, but agrees well with the value corrected for the 3D effects (see above). Takeda & Takada-Hidai (2013) mentioned, however, that the derived carbon abundance from the C I lines is sensitive to the treatment of NLTE effects. Hence, we cannot conclude that the estimate of the 3D effects for the carbon abundances from CH lines are quantitatively correct from the comparison with the carbon abundance from the C I lines. However, the agreement of the abundances within 0.1-0.2 dex from CH and C I lines is supportive for the reliable estimates of carbon abundance of this object.
Summary
BD+44
• 493 is an extremely metal-poor subgiant with excesses of carbon and oxygen. Oxygen and carbon abundances derived from individual OH and CH lines by our analysis based on 1D LTE model atmospheres are dependent on the excitation potentials. This result might indicate existence of cool layer in the atmosphere which is not described by 1D models. Indeed, the dependence found for oxygen and carbon abundances on excitation potentials, d log ǫ/dχ ∼ −0.15 ∼ −0.2 dex/eV, is explained by the corrections estimated from 3D models.
While the behavior of Fe absorption lines is complicated, our analysis of OH and CH molecular lines qualitatively supports the prediction of the 3D models on the temperature structure of the surface atmosphere. For more quantitative discussion, investigations of the 3D models focusing on the stellar parameters of BD+44 • 493 are desired. . Filled and open circles are results from lines with χ < 0.5 (eV) and 0.5 < χ < 1.2 (eV), respectively. In each χ ranges, the abundances derived from lines with equivalent widths larger than 80 mÅ show lower abundances than those from weaker lines, which yields large scatter in the abundances. See text for more details. 
